Nanosized free-energy transducer Fi-ATPase achieves 100% efficiency at finite time 

operation 
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The free-energy transduction at 100% efficiency is not prohibited by thermodynamic laws. How- 
ever, it is usually reached only at the quasi-static limit. Here, we evaluated the work exerted by 
the nanosized biological free-energy transducer Fi-ATPase by single-molecule experiments on the 
basis of nonequilibrium theory. The results imply that the Fi-ATPase achieves a nearly 100% free- 
energy conversion efficiency even far from quasistatic process for both the mechanical-to-chemical 
and chemical-to-mechanical transductions. Such a high efficiency at a finite-time operation is not 
expected for macroscopic engines and highlights a remarkable property of the nanosized engines 
working in the energy scale of k^,T. 

PACS numbers: 05.70.Ln,05.40.Jc,87.16.Nn 



Fi-ATPase, or Fi-motor, is a rotational free-energy 
transducer between mechanical work and chemical free 
energy change of ATP hydrolysis, A/i, in biological cells 
0-0. When isolated, the Fi-motor hydrolyzes ATP to 
ADP and phosphate and rotates the central 7-shaft uni- 
directionally (Fig. QJi); Afi is converted to mechanical 
work. The 7-shaft rotates 120° per ATP hydrolysis 00. 
On the other hand, under a sufficiently strong hindering 
torque, the 7-shaft rotates oppositely. This forced rota- 
tion drives the Fi-motor to synthesize ATP from ADP 
and phosphate (Fig. [Ip) 0; the mechanical work is 
converted to Afi. This reversible rotary machinery is 
the core of the cellular energy transduction and synthe- 
sizes nearly all of cellular ATP. In cells, the Fi-motor 
makes a complex with F -motor embedded in a mem- 
brane. The F Q -motor is driven by the transmembrane 
electrochemical potential of protons and rotates the 7- 
shaft oppositely. However, experiments about energetics 
are limited due to lack of the methodology despite the 
progress in theories [7-12|. Even the following funda- 
mental questions remain unanswered. How much work 
does the motor extract from A// during ATP-hydrolytic 
rotations? How much work does the motor consume to 
synthesize an ATP during ATP-synthetic rotations? In 
order to answer these questions, we evaluated the work 
by the motor during rotations far from quasistatic pro- 
cess. 

The motor itself is not accessible by experiments. How- 
ever, we can probe the rotations of a single molecule 
under a conventional optical microscope by attaching a 
submicron-sized object to the 7-shaft and fixing the sta- 
tor a 3 /?3-ring to a glass surface (Fig. QJ) [3|, We can 
also load a torque on the probe with a controlled mag- 
nitude by using the electrorotation method [lH E3] and 
measure the response of the motor against torque 
17| . This single-molecule response measurement com- 
bined with nonequilibrium theory enables us to evaluate 
the work by the motor itself as follows. 
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FIG. 1: (Color online) Fi-motor. a, The Q3/337 sub com- 
plex of the Fi-motor. b, A strong hindering torque rotates 
the 7-shaft oppositely and drives the Fi-motor to synthesize 
ATP. c, The rotations are probed by attaching a polystyrene 
particle dimer (diameter = 300 nm) to the 7-shaft with an 
elastic protein linker (streptavidin) and fixing the o^/^-ring 
to a glass surface. External torque is loaded on the probe by 
using an electrorotation method, d, Schematic of the energy 
flow during ATP hydrolytic rotations. 



We attach a submicron-sized probe to the 7-shaft with 
a soft elastic protein linker. As the 7-shaft rotates, the 
motor pulls the linker. The work by the motor, Wmotor, 
is stored as elastic energy of the linker and consumed 
through the probe's rotation (Fig. [TJl). Wmotor in- 
creases the probe's potential energy against external load 
At/probe if the probe is subjected to external load and the 
rest dissipates as a heat from the probe to the environ- 
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We denote W mo torj A£/p ro b e , and Q pro bc as the amount 
per 120° rotation throughout this paper. In the forced 
ATP-synthetic rotations, a work of — At/ pro b c is exerted 
on the probe by the external torque, of which — Wmotor 
is transferred to the motor and drives an ATP syn- 
thesis. The rest dissipates from the probe: Qprobc = 
— AC/p ro bc — (—Wmotor)- Note that, since the rotational 
frictional coefficient increases with the cube of the diam- 
eter, the time scales of the motions of the probe and the 
7-shaft (diameter = 1 nm) are supposed to be well sep- 
arated. Hence, the 7-shaft and the probe are insulated 
and heat hardly flows through the linker. This enables 
us to evaluate the extractable work by the motor. 

The energy balance relation ([T]) suggests that we 
can evaluate Wmotor by measuring At/probe and Qprobc- 
AC/probe is nothing but the torque on the probe times 
120° with the sign depending on the rotational direc- 
tion; positive in the ATP-hydrolytic rotations and neg- 
ative in the ATP-synthetic rotations. On the other 
hand, heat measurement is usually difficult in such a 
microscopic system subjected to thermal fluctuations 
However, a nonequilibrium equality by Harada and 
Sasa fl8j enables us to evaluate Q pro be from quantities 
obtainable in experiments in a Langevin system. Let 
C(t) = ([v(t) - u s ] [v(Q) - v s ]) and R(t) be the fluctu- 
ation and the response function against small external 
torque, respectively, of the probe's rotational rate v(t) 
around the mean rotational rate u s . R(t) is defined as 
(v(t) — w s )n = J^_^tsR(t — s)N(s), where (-) N is the en- 
semble average under a sufficiently small probe torque 
N(t). Because of the causality, R(t) = if t < 0. The 
fluctuation dissipation relation (FDR) relates C{t) and 
R(t) around an equilibrium state: C(t) — k^TR{t) [l9j . 
However, the FDR does not hold far from equilibrium. 
The equality by Harada and Sasa connects this FDR 
violation to the heat dissipation in the nonequilibrium 
steady state. In the frequency space, the equality reads 
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where C(f) and R(f) are the Fourier transforms of C(t) 
and R(t), respectively, and R'(f) is the real part of R(f). 
r is the rotational frictional coefficient and k^T is the 
thermal energy. 3u s is the mean stepping rate and cor- 
responds to the ATP hydrolysis or synthesis rate. In the 
experiment, C(f) was calculated from the trajectory. We 
measured R'{f) by exerting a small torque, which was a 
superposition of periodic torque at various frequencies, 
in addition to the constant load (see Methods). 

The 7-shaft 's rotations were observed at a relatively 
high ATP concentration (10 ATP, 10 fiM ADP, 1 mM 
P; ) with a large probe (diameter = 300 nm) . Under this 



condition, the probe rotates smoothly without clear steps 
in the absence of external torque (Fig. [2k.). We used the 
electrorotation method for applying torque on the probe 
This method exerts torque with a controlled 
magnitude on dielectric objects by using high-frequency 
electric field generated on tiny quadrupolar electrodes 
around the molecule. When we applied external torque 
in the direction opposite to the rotations, the rotational 
rate decreased (Fig. [2b.). As the external load (torque 
times 120°) is larger than A/x, the 7-shaft rotated in the 
ATP synthetic direction (Fig. [^b)- This is consistent 
with the previous result that the maximum work that Fi- 
motor can exert per ATP cycle is equal to A/j, [I3|. That 
is, Fi-motor has a 100% thermodynamic efficiency at the 
stalled state where the mean rotational rate vanishes. 

The FDR violated at low frequencies where nonequi- 
librium fluctuations caused by the motor's rotations are 
dominant [3 (Fig. [2b). On the other hand, the FDR 
holds at high frequencies where thermal fluctuations are 
dominant. The extent of this violation, or the twice of 
the shaded area in Fig. [2b, corresponds to the integral 
in ([2]) . Figure [3b, shows that Q pr obo decreased as we in- 
creased load and vanished around the stalled state. Note 
that Q P robc can be a finite value even when the mean 
velocity is zero 24{. This indicates that, at the stalled 
state, the probe behaves like a rotational Brownian mo- 
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FIG. 2: (Color online) a, Rotational trajectory of the wild 
type Fi-motor under external load, b, Rotational rate of 
the wild type (circle) and mutant (square) in the presence of 
torque. The vertical thick line indicates Au calculated on the 
basis of literatures (17.5-18.9 kaT) [IE [20^1- The inset is 
the magnification around the stalled state. The dashed lines 
are fitted by eyes for guide, c, Examples of fluctuations C(f) 
and response R'(f)- The torque times 120° are 4.15, 14.0, 
and 26.3 k&T, respectively from top to bottom. Twice of the 
shaded area corresponds to the integral in 
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tion at equilibrium in a 120°-spacing periodic potential. 
In the ATP-synthetic rotations, Q pro bo increased as the 
torque increased. This is mainly because the rotational 
rate increases with torque. 

Figure^ shows W mo tor evaluated as AC/p ro be + <9probe- 
We found beautiful relations that W mo tor — A/x in the 
ATP-hydrolytic rotations and W mo tor — —A/x in the 
ATP-synthetic rotations in a broad range of torque. A 
small deviation of W mo tor from A/x was found at a small 
torque magnitude (Fig. [3Jd inset), where W mo tor in- 
creased with torque and reached A/x at the stalled state. 
On the other hand, Wmotor was nearly flat and equal to 
A/x in the synthetic rotations. Thermodynamically, A/x 
is the maximum work that we can extract from an ATP 
hydrolysis and also the minimum work that we need to 
synthesize an ATP. Our result suggests that, even during 
the rotations far from quasistatic process, the motor can 
convert nearly all of A/x into a mechanical work and uti- 
lize nearly all of the work input to synthesize ATP. We 
also measured Wmotor of a mutant with mutations around 
the nucleotide binding site (^T165S and /3Y341W) and 
the /3-subunit's hinge region (/3G181A) (Fig. [3b, d) f^ . 
This mutant is known to have a smaller maximum work 
than the wild type supposedly due to the weak binding of 
ATP [l7j]. Figure [3ji shows that not only the maximum 
work but also |W mo tor| is significantly less than |A/x|. 

When we pull or push a macroscopic piston quickly, 
turbulence is inevitable and additional energy dissipates 
through microscopic degrees of freedom as an irreversible 
heat. On the other hand, Fi-motor is itself microscopic 
and may utilize thermal fluctuations. Some of the mi- 
croscopic degrees of freedom may not be hidden but ac- 
cessible to it. Previous studies suggested that the Fi- 
motor shifts the mechanical potentials discontinuously 
depending on the 7-shaft's angular position (Fig. 
instead of moving the potential at a quasi-static limit 
(Fig. [3b ) [26, 27] . Such an operation, which is possible 
only by nanosized machines, minimizes the irreversible 
heat and achieves nearly 100% free-energy conversion ef- 
ficiency even within the finite time. This highlights the 
remarkable property of nanosized engines. The mutant's 
low efficiency implies that the mutant cannot couple the 
mechanical rotation and ATP hydrolysis/synthesis com- 
pletely. Some mechanical steps do not possibly accom- 
pany chemical reactions. 

We reasonably assumed that the probe and the 7-shaft 
are insulated because of the large difference in the time 
scales of their motions. If these time scales are similar 
and A/x is small, heat can flow through the linker; the 
motor extracts energy from the surrounding medium to 
pull the linker and then dissipates it through the probe's 
motion [12j . W mo tor evaluated by (fT|) is no longer a work 
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that is fully extractable and can exceed A/x 12, 28]. Ex- 
periments with drastic control of A/x, the linker's spring 
constant, and T are important for not only exploring 
the potential of this measurement system but also un- 
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FIG. 3: (Color online) Thermodynamic quantities of a single 
Fi-motor molecule, a, c, Amount of heat dissipation Q pro bc 
(circle and square) and the potential increase against external 
load A(7probc (triangle). AZ7 pro bc is calculated as torque times 
120° with the sign depending on the rotational direction: pos- 
itive in the ATP hydrolytic rotations and negative in the ATP 
synthetic rotations. Dashed lines are guide for eyes and have 
slope unity or minus unity, b, d, W motor = A(7 pro bc + Qprobe- 
The linear fitting curves are 16.7 + 0.082a; in the hydrolytic 
rotations (dashed line in the inset of c) and —18.2 — 0.00286a; 
in the synthetic rotations (not shown), where x is the torque 
multiplied by 120°. Dashed line in d is fitted by eyes. 



derstanding the mechanical coupling between Fi-motor 
and F -motor in cells. 
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Methods - The experimental setup is essentially the 
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same as that in the previous studies [ 1 51 - 4 1 71 . |26|. Fi 
molecules derived from a thermophilic Bacillus PS3 with 
mutations for the rotation assay (His6-aC193S/W463F, 
Hisio-A 7S107C/I210C, denoted by wild-type) d and 
other mutations indicated were adhered on a cover slip 
functionalized by Ni 2+ -NTA. Rotations of the 7-shaft 
were probed by streptavidin-coated dimeric polystyrene 
particles (diameter = 300 nm, Seradyn) attached to 
the biotylated 7-shaft in a buffer containing 5 mM 
MOPS/KOH, 10 /xM MgATP, 10 /xM MgADP, 1 mM P t , 
and 1 mM MgCl2 (pH 6.9). Observation was performed 
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without apparent convergence of C(f) and R'{f) at the 
high frequency region (8 out of 78). 



FIG. 4: (Color online) Torque generation by Fi-motor. Free- 
energy potentials of the 7-shaft are plotted with a vertical 
shift of Afi. a, The Fi-motor shifts the potentials discon- 
timiously depending on the 7-shaft's motion. The angular 
position of the 7-shaft fluctuates due to thermal motions. 
When the 7-shaft reaches the intersect of the neighbouring 
potentials, the potential is switched. In this case, the irre- 
versible heat associated with the switching is negligible, b, 
Quasistatic continuous shift of the potential. 



on a phase-contrast upright microscope (Olympus) with a 
100 x objective and a high-speed camera (Basler) at 2,000 
Hz. The data including a long pause presumably due to 
the MgADP-inhibited state are excluded from the anal- 
ysis. We applied torque on the probe by using rotating 
electric field at 15 MHz generated with the quadrupolar 
electrodes patterned on the glass surface of the cham- 
ber [HO, 11. The torque magnitude was controlled by 
controlling the electrodes voltage. We calculated C(f) 
from the rotational trajectories by a fast Fourier trans- 
form method and Wiener-Khintchine theorem. T was 
obtained by taking the average of C(f) around 300 Hz 
since the FDR, C(f) = 2k B TR'(f) = 2k B T/T, is sup- 
posed to hold in such a high frequency region [ijj . T 
was 0.075 ± 0.012 /fc B Ts/rad 2 (mean ± SD, N = 70). 
For evaluating R(f), we added a small torque N(t) — 
NoEi sin ( 27I "/i*)> where = 1, 4, 10, 20, 40, 80, 160, 
250, and 400 Hz, in addition to the constant load. No 
is unknown a priori. We measured (v(t))jq, performed a 
Fourier transform, and obtained R(fi)N at multiple fre- 
quencies {/;}. Then, we obtained N by comparing C (f) 
and R(f)N around 300 Hz because of the FDR [llQj. 
Finally, we obtained R(fi). N was 0.94 ± 0.19fc B T/rad 
(mean ± SD, N = 70). We limited the integration in 
([2]) to between -400 Hz and 400 Hz because the high fre- 
quency region is suffered from noise. We omitted data 
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